A magneto-rheological suspension (MRS) is a particulate suspension which shows a dramatic increase in flow resistance upon application of an external magnetic field. The fundamental physical process is believed to be that the field induces polarization of each particle with respect to the carrier material, and the resulting interparticle forces cause aggregates of particles to form in the field direction. While recent years have witnessed the appearance of several applications using these tunable flow properties, optimal use of MRS technology is still hindered by our incomplete understanding of the underlying mechanisms. This paper surveys recent developments which have improved our understanding of several of the key issues governing the rheological behavior of MRS. In particular, experiments using small strain rheometry and oscillatory shear flow have given insights into the viscoelastic nature of the aggregates before they yield. A recent advance in modeling has been the two fluid continuum approach, which may help the establishment of a more general constitutive framework for MRS.
INTRODUCTION
). Historically, the study of MRS began with the pioneering report by Rabinow in 1948 3) , and from the mid-1990s there was an explosion of interest in the field due to advances in manufacturing the particulate materials and compact electromagnetic systems.
The focus of this paper will be on the physical mechanisms behind the rheological behavior -readers interested in applications are encouraged to look at a recent review article on that aspect of MRS technology. 4) In general, it should be kept in mind that for most engineering applications, an "ideal"
MRS should display a large field-induced change in flow resistance, and have good long term stability against sedimentation and irreversible flocculation.
Despite the ongoing efforts towards industrial application of MRS described above, there still remain many gaps in our knowledge concerning the microstructural mechanisms behind the field-induced rheological behavior. This review paper will highlight some recent advances made in this area, as well as describe key issues which still require investigation. It should be pointed out that review articles on MRS have appeared in the literature over the years. [5] [6] [7] [8] There are also available proceedings of recent international conferences dealing with MRS, the most recent being held in 2001. 9, 10) This paper will therefore primarily focus on developments since 2001.
This review will be structured as follows. In Section 2, to establish the background, as well as provide a useful guide to the reader new to the field of MRS, a brief review of the main points of the mechanisms behind the field-induced response will be presented. In Section 3, we present a summary of some of the recent advances made in our understanding of the governing mechanisms behind these materials, from both experimental (sub-section 3.1) and theoretical/modeling perspectives (sub-section 3.2). In Section 4, we present some concluding remarks and highlight the issues which still seem to require more investigation.
OVERVIEW OF MRS BEHAVIOUR
In this section we will briefly review the main features of MRS, including the basic modeling approaches which have been developed up to now. This section will conclude with a short discussion of some of the shortcomings of the currently available approaches, together with an introduction to a related system, the electro-rheological fluid.
Typically, an MRS consists of a suspension of micron-sized, • is the shear rate and η is the plastic viscosity. τ y is the yield stress induced by the magnetic flux density (B), and depends strongly on B. Typically, MRS can show quite large yield stresses : for example, a 100kPa yield stress under a 1T magnetic flux density has been reported. 5, 11) In addition to the shear stress, these fluids are known to show positive normal forces under steady shear flow and strong magnetic fields. 12, 13) The essential mechanism behind the field-induced flow resistance of MRS is as follows: The external field induces (1) Fig.2 A schematic diagram of the microstructure in an MRS under an external magnetic flux density (B) and shear flow. The induced dipoles in each particle are represented by the arrows. The dipoledipole interactions lead to the formation of elongated aggregates which cause the increase in shear stress. Note that particle size has been exaggerated for clarity -typically the particles are micronsized and the gap is ∼ 1mm.
has been well summarized in review articles.
6-7)
The requirement that the particulate material in MRS be magnetisable means that there is a limited range of possible materials that can be used. Micron-sized carbonyl iron particles are commonly used, since they show low coercivity (low remnant magnetisation) and high magnetic permeability.
14)
The carrier fluid is often silicone oil or some light mineral oil, and particle volume fractions are typically of the order of 0.3.
In addition, newer materials continue to be developed, such as Shimada and co-workers -here nm-sized magnetite particles are added to the MRS and the performance of the material as a polishing fluid is significantly enhanced. 16) A useful review of the material aspects of MRS technology has been complied by Phule, 17) to which the interested reader is referred.
Despite all this research activity, there still remain shortcomings in our understanding of the mechanisms behind MRS behavior, and here we briefly outline some of the major unresolved issues-recent efforts at addressing these issues will be described in 
RECENT ADVANCES
In this section, we will describe some recent advances made in our understanding of the mechanisms governing the behavior of MRS. It will be seen that these studies succeed to some extent in addressing the unresolved issues confronted by MRS technology, as outlined in Section 2 above. Sub-section 3.1 will describe advances made with experimental studies, and sub-section 3.2 will outline theoretical and modeling advances.
Experimental
Recently (Fig.3) , which is in close agreement with the B 1.5 dependence predicted for the field-induced interparticle force. 25, 26) On the other hand, the timescale for growth in G', which is expected to be related to the timescale of aggregate formation, was found to vary as B −0.4 ie the stronger the field, the faster the growth in G'. At present, there do not appear to be any theoretical models which can explain this field dependence of the timescale. The typical magnitudes measured, under a magnetic flux density of 0.54T, were G' increasing from 2kPa (before the application of the field) to 5MPa, with an initial jump in G' after the application of the field (over less than 0.1s), followed by a much more gradual increase of G' to the final value over 1 s.
Another study using small amplitude oscillatory shear measurements has been carried out on a system under constant magnetic field, and numerical inversion of the linear viscoelastic data to find the relaxation time spectrum has been attempted. 27) The results indicate that the MRS under a moderate field of 0.5T has a rather broad distribution of relaxation times, reflecting perhaps the variety of rearrangement processes of particle configurations which can be realized in an aggregate under a strong field. In addition, Li et al. 28) report an examination of the onset of non-linear viscoelasticity as strain amplitude is increased: it was found that the viscosity component of the material's response increased with increasing strain amplitude, reflecting the break up or yielding of the aggregate structures. Lastly, although not experimental, it is appropriate to mention here the recent contribution from Sim et al. 29) , who carried out a particle-level computer simulation of the oscillatory response of a suspension of linearly polarisable spheres (actually an ERF system, which is identical to MRS under weak fields). These workers determined the Lissajous plots (stress vs strain) for large amplitude strains, and found a novel strain-overshoot phenomenon which they explained in terms of the cyclical reformation process of the aggregates.
Another experimental technique which has succeeded in illuminating key aspects of the field-induced response of MRS is based on a physically related system, the "inverse fluid".
This consists of magnetically inert particles (e.g. polystyrene or silica particles) dispersed in a magnetizable ferrofluid.
Interestingly, application of an external magnetic field to this system will induce magnetostatic interactions between the particles analogous to those in MRS, and the particles will form elongated aggregates in the field direction, with an accompanying change in rheological properties. 30, 31) Figure 4 gives an example of the flow curves obtained with an inverse fluid under different magnetic field strengths. It will be seen that the stress levels are somewhat lower than conventional
MRS (Fig.1) -indeed it is not proposed to use the inverse fluid
as an alternative to MRS in engineering applications, but rather that it should serve as a useful "model" system. The advantage of the inverse system is that it enables us to explore the effects of particle size and shape on magneto-rheological phenomena -such effects are difficult to explore with conventional MRS since the particles must be made from magnetizable materials. For example, experiments by de Gans and co-workers 30) used silica particles somewhat smaller (53nm to 189nm) than those typically used in MRS and examined the effects of particle size. They found that there was a tendency for the magneto-rheological performance to improve as larger sized particles were used, although it needs to be kept in mind that the particles in this study were subject to considerable thermal agitation (an effect not usually 
Theory and Modeling
Parallel with the experimental studies described above, there has been some progress in recent years towards the development of theory and modeling strategies for MRS. As described in Section 2, the bulk of the modeling work carried out up to now has assumed spherical, magnetizable particles dispersed in a Newtonian carrier liquid. Within this framework, there have been particle-level computer simulations carried out and theories developed, and much of this work has been reviewed thoroughly elsewhere. [6] [7] [8] A recently developed modeling approach, which provides a new way of looking at MRS, is worth reviewing. This takes a continuum perspective, and uses a "two fluid" approach to model the mass transport (i.e., particle flux) in MRS. 36) The starting point is the two fluid model originally developed for non-colloidal (i.e., hard sphere, non-Brownian) suspensions in shear flow. 37) In the MRS we have two phases: the particles and the carrier liquid. A mass conservation equation for the particulate phase is introduced which involves the particle migration flux -the latter in turn can be expressed in terms of the divergence of σ p , the particle-contributed stress tensor.
A momentum balance equation for the particle phase is also Fig.5 Schematic of the squeeze flow geometry.
introduced which involves the average hydrodynamic force per particle and, again, the divergence of σ p . The key issue is thus to find a suitable expression for σ p , and here the results of calculations by Shkel and Klingenberg 38) are used to write down an expression for the field-induced particle-contributed stress in terms of the magnetostrictive coefficients.
Hydrodynamic interactions between the particles are also accounted for, using the approach of Morris and Boulay. 37) The resulting set of equations can be analyzed or solved numerically to predict (i) the changes in the microstructure after application of a magnetic field to a quiescent, dispersed suspension, or (ii) the structures formed during steady shear flow. For quiescent systems, the model predicts the formation of particle-rich columnar structures aligned in the field direction, as observed experimentally. For the steady shear flow, the model predicts the formation of particle-rich "stripes", which lie in planes containing the flow velocity vector and the magnetic field vector. There have in fact been reports of such layered structures in ERF. 39) It should be pointed out that, at present, this two fluid approach is based on the assumption that the initial suspension is isotropic, and further that the polarization is linear (i.e., weak fields). It therefore provides a model for calculating the changes in the particle distribution through the system, but is not able to reproduce the field-induced rheological behavior.
Nevertheless, it is felt that this continuum modeling approach is worth taking note of, since it represents a departure from the traditional way of modeling MRS i.e., based on "interacting particles in aggregates". Indeed, continuum approaches such as this two fluid model may in the future provide a path for developing a general constitutive framework for MRS, which would be able to deal with, for example, the effects of nonuniform magnetic fields.
CONCLUDING REMARKS
A brief survey has been presented of some of the recent developments in our understanding of the mechanisms behind the response of magneto-rheological suspensions. It was seen that many insights into the strength of the aggregates can be gained through small strain rheometry and the use of physically analogous systems such as the inverse fluid. This improved understanding of the mechanical behaviour of the aggregates will eventually enable us to find directions for optimizing the performance of MRS. In addition, measurements of the response of this material in deformations other than simple, uniform shear flow showed that the mechanical behavior (indeed the field dependence) is sensitive to the geometry of the flow field. The incorporation of these effects presents a major challenge to developers of theoretical models of MRS behaviour.
As a final note, it is pointed out that there still remains much work to be done to tackle the issue of particle sedimentation as well as explore the possibility of improving performance with suitable wall conditions. Sedimentation is a major issue in MRS due to the high metallic content of the particles, and one promising strategy is to employ a rheologically complex carrier matrix e.g. a strongly shear thinning material. With this, the particle sedimentation under gravity would be hindered, but particle aggregation would still be able to occur rapidly under the stronger magnetostatic forces. A preliminary study using grease as the matrix has shown promising results. 40) Regarding the wall conditions, there is the possibility of enhancing the performance of the MRS through the use of suitably profiled wall surfaces (e.g. to provide anchor points for the aggregates). However, very little work appears to have been done to systematically study the effect of wall conditions on MRS performance. There thus remain many challenges to be met before the full potential of MRS technology on engineering can be realized -it is hoped that vigorous research efforts will continue to uncover the mechanisms responsible for the behavior of these fascinating materials.
